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Abstract
αKlotho (αKL) regulates mineral metabolism, and diseases associated with αKL deficiency are
characterized by hyperphosphatemia and vascular calcification (VC). αKL is expressed as a membrane-
bound protein (mKL) and recognized as the coreceptor for fibroblast growth factor-23 (FGF23) and a
circulating soluble form (cKL) created by endoproteolytic cleavage of mKL. The functions of cKL with
regard to phosphate metabolism are unclear. We tested the ability of cKL to regulate pathways and
phenotypes associated with hyperphosphatemia in a mouse model of CKD-mineral bone disorder and αKL-
null mice. Stable delivery of adeno-associated virus (AAV) expressing cKL to diabetic endothelial nitric
oxide synthase–deficient mice or αKL-null mice reduced serum phosphate levels. Acute injection of
recombinant cKL downregulated the renal sodium-phosphate cotransporter Npt2a in αKL-null mice
supporting direct actions of cKL in the absence of mKL. αKL-null mice with sustained AAV-cKL
expression had a 74%–78% reduction in aorta mineral content and a 72%–77% reduction in mineral
volume compared with control-treated counterparts (P<0.01). Treatment of UMR-106 osteoblastic cells
with cKL + FGF23 increased the phosphorylation of extracellular signal–regulated kinase 1/2 and induced
Fgf23 expression. CRISPR/Cas9-mediated deletion of fibroblast growth factor receptor 1 (FGFR1) or
pretreatment with inhibitors of mitogen–activated kinase kinase 1 or FGFR ablated these responses. In
summary, sustained cKL treatment reduced hyperphosphatemia in a mouse model of CKD-mineral bone
disorder, and it reduced hyperphosphatemia and prevented VC in mice without endogenous αKL.
Furthermore, cKL stimulated Fgf23 in an FGFR1-dependent manner in bone cells. Collectively, these
findings indicate that cKL has mKL-independent activity and suggest the potential for enhancing cKL
activity in diseases of hyperphosphatemia with associated VC.
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CKD-mineral bone disorder (CKD-MBD) is associated with increased serum fibroblast growth factor-23
(FGF23), hyperphosphatemia, and vascular calcification (VC), and more recently, it has been linked to
αKlotho (αKL) deficiency.  In CKD-MBD, patient hyperphosphatemia is correlated with increased VC
and risk of death.  Therefore, a primary goal in the management of CKD-MBD is the control of systemic
phosphate accumulation as the kidneys fail. However, the current approaches of reducing dietary
consumption of phosphate in combination with intestinal phosphate binders are only partially effective.
αKL is a key regulator of mineral metabolism, and in concert with the bone–derived hormone FGF23,
maintains phosphate and vitamin D homeostasis through a bone-kidney endocrine axis.  Indeed, the
importance of the interactions between these factors is highlighted by the findings that loss of function
mutations in αKL  and FGF23  lead to the Mendelian disorder hyperphosphatemic familial tumoral
calcinosis. In the reciprocal setting, gain of function mutations in FGF23 result in increased blood FGF23
and autosomal dominant hypophosphatemic rickets.  Importantly, the αKL- and Fgf23-knockout mice are
hyperphosphatemic and have severe VC.  Mechanistic and genetic experiments in these models showed
that the elevated blood phosphate through loss of αKL or Fgf23 is due to increased renal reabsorption of
phosphate as well as increased 1,25D, leading to elevated intestinal phosphate absorption.  The db/db-
endothelial nitric oxide synthase (eNOS)  mouse model of diabetic nephropathy (DN) mimics the human
disease in several regards. With the loss of activity of the leptin receptor and disruption of eNOS, these
animals develop highly elevated blood glucose and progressive renal damage, including glomerular and
interstitial fibrosis.  Because DN is now the leading cause of CKD-MBD,  understanding the nature
of this syndrome is important for identifying potential novel management approaches. The αKL- and
Fgf23-knockout mice share key phenotypes associated with CKD-MBD, including uncontrollably elevated
serum phosphate as well as ectopic calcification and VC.  Indeed, these animals have been important in
determining the mechanisms underlying the relationships between αKL and FGF23 in renal failure,
including downregulation of αKL in the kidney leading to FGF23 resistance and the concept that gradually
increasing FGF23 reduces 1,25D, resulting in hyperparathyroidism.  Therefore, these rare and common
syndromes and their orthologous animal models underscore the importance of αKL and FGF23 to maintain
normal phosphate and 1,25D metabolism.
αKL is predominantly expressed in the kidney and parathyroid glands but can also be found in blood, urine,
and cerebrospinal fluid.  Two main forms of αKL exist; a full–length transmembrane protein (mKL; 135
kD) and a circulating soluble form (cKL; 110 kD). The cKL polypeptide is generated through activity of
the ADAM10/17 and BACE proteases near the mKL extracellular transmembrane region, which liberates
the cKL polypeptide comprised of the KL1 and KL2 extracellular domains.  FGF23 initiates signaling in
the kidney and parathyroids through a coordinated assembly of mKL coreceptor complexed with fibroblast
growth factor receptors (FGFRs), leading to activation of the MAPK cascade.  A previous study
showed that cKL injection caused phosphaturia in vivo ; however, relatively little is known about the
specificity or bioactivity of cKL in regard to its direct interactions with pathways controlling phosphate and
vitamin D metabolism. The mKL form has been stably overexpressed to examine its role in a number of
disease states, including hypertension and renal damage,  although this approach presumably results in
production of cKL as well. Thus, a full understanding of the requirements for the presence of mKL for cKL
bioactivity is needed. Furthermore, determining whether cKL is independent of mKL for its biologic
actions in conditions of hyperphosphatemia expands the potential to explore cKL-mediated events as
targets for therapeutic intervention in situations of endogenous αKL insufficiency.
We previously showed that stable delivery of cKL to wild-type (WT) mice resulted in hypophosphatemia
and increased FGF23 expression.  Furthermore, these manifestations in the mouse phenocopied those of a
patient with a chromosome 9:13 genomic translocation proximal to the αKL gene, resulting in elevated
serum cKL.  Collectively, these studies support that cKL may play a role in phosphate handling.
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Therefore, this study sought to test the mechanisms underlying cKL actions in the db/db-eNOS  model
and with the loss of αKL and hyperphosphatemia in αKL-null mice. In this regard, cKL, when stably
delivered, was associated with a reduction in serum phosphate in both models and prevented aortic
calcification in the αKL-null animals. Additionally, cKL downregulated Npt2a expression in the kidney and
stimulated FGFR1-dependent production of FGF23 in bone cells. Taken together, these findings support the
concept that targeting cKL-mediated pathways may ameliorate defects in mineral metabolism associated
with diseases of hyperphosphatemia. Thus, our results have important implications for managing
cardiovascular and endocrine outcomes caused by aberrant phosphate handling.
Results
cKL Rescues Hyperphosphatemia in a Model of DN
DN is the most common form of CKD-MBD. The gene Nos3 encoding eNOS is responsible for the
nephropathic changes in mouse models of types 1 and 2 diabetes.  The db/db-eNOS  model serves as
a useful tool in studying therapeutic interventions for CKD-MBD phenotypes evident in DN.  On
histologic characterization of these mice, it was confirmed that the db/db-eNOS  animals exhibited a
prominent presence of tubular protein (arrowheads and inset in Figure 1A, iv) and dilated tubules (arrows
in Figure 1A, iv) with undulation of the subcapsular cortex due to underlying fibrosis. Noticeable
mesangial matrix deposition obliterating normal capillary loops and cellularity in the glomeruli (arrows and
inset in Figure 1A, v) was observed in db/db-eNOS  mice compared with control lean mice (
Figure 1A, i–iii). The db/db-eNOS  mice also had marked interstitial fibrosis (stars in Figure 1A, vi) and
prominent glomerular fibrosis (arrows and inset in Figure 1A, vi) with occasional glomerular sclerosis
(arrowhead in Figure 1A, vi), consistent with findings from the human syndrome.  No change in renal
histopathology was observed in adeno-associated virus 2/8 (AAV)-cKL–treated mice (data not shown).
To test sustained delivery of cKL on the accompanying hyperphosphatemia exhibited by db/db-eNOS
mice, cKL was delivered via AAV-cKL under the regulation of a hepatic-specific promoter or control AAV-
LacZ to 13- to 17-week-old db/db-eNOS  mice via retro-orbital injection for 6 weeks. AAV-cKL delivery
did not affect body weight in the db/db-eNOS  mice compared with AAV-LacZ, but db/db-eNOS  mice
were significantly heavier than control lean mice (Figure 1B) (P<0.01). Blood glucose was elevated in
female db/db-eNOS  mice compared with lean controls at baseline (Figure 1C) (P<0.01). Through our
observations of this CKD-MBD model, males shared the majority of disease phenotypes with females but
were prone to earlier death. Indeed, the analysis of the interim time points produced significant results in
males; however, at the final 6-week time point, the AAV-LacZ males were reduced to n=2 and are, thus,
included for relative comparisons. Urine albumin-to-creatinine ratio (ACR) was elevated compared with
that in lean control mice but unchanged across db/db-eNOS  groups (Figure 1D) (P<0.01). With AAV-
cKL administration, serum cKL levels were robustly increased in male and female db/db-eNOS  mice at
6 weeks (Figure 1F) (P<0.01 versus female; P<0.05 versus male). Consistent with previous results, serum
intact FGF23 was elevated with delivery of AAV-cKL to male and female db/db-eNOS  mice by 4 weeks
of treatment (Figure 1G) (P<0.05). Whereas improvements in markers of renal function were not observed
with AAV-cKL treatment, hyperphosphatemia was notably corrected by AAV-cKL in female db/db-
eNOS  mice (Figure 1H) (P<0.05), with minimal effects on serum calcium (Figure 1E) (P<0.05).
Effects of cKL on Phosphate Metabolism In Vivo in αKL-Null Background
Although the db/db-eNOS  model parallels patients with CKD-MBD with regards to kidney function and
hyperphosphatemia, these mice do not develop the VC characteristic of advanced stage CKD-MBD.
Therefore, AAV-cKL was administered to 4-week-old WT and αKL-null mice that display severe VC and
hyperphosphatemia.  Delivery of AAV-cKL was confirmed by liver immunohistochemistry (IHC)
−/−
–41 43 −/−
,26 27
−/−
−/−
−/−
,44 45
−/−
−/−
−/− −/−
−/−
−/−
−/−
−/−
−/−
−/−
27
,22 23
Chronic Hyperphosphatemia and Vascular Calcification Are Reduced by ... https://www.ncbi.nlm.nih.gov/pmc/articles/PMC5373441/?report=printable
3 of 21 8/21/2018, 9:26 AM
staining for αKL, which showed robust positive staining in the cells surrounding the hepatic portal venules
(Figure 2A). Consistent with these analyses, liver mRNA expression of αKL was highly elevated in the
AAV-cKL–treated mice (40- to 60,000-fold increase versus the vehicle and AAV-LacZ controls) (Figure 2B
). Additionally, the general histology of the liver was normal across genotypes and treatments (not shown).
Serum biochemistries were examined at baseline (4 weeks of age before AAV) and after 4 weeks of
treatment. After AAV-cKL delivery, serum phosphate was significantly reduced in WT mice (Figure 2C)
(P<0.01), whereas vehicle and AAV-LacZ treatment groups maintained normal phosphate in accordance
with previous results.  Regardless of treatment, αKL-null mice exhibited significantly elevated serum
phosphate at baseline and euthanasia compared with both WT vehicle and WT AAV-LacZ treatment groups
(Figure 2C) (P<0.001 and P<0.01, respectively). After AAV-cKL treatment, however, αKL-null mice had
reduced serum phosphate compared with αKL-null vehicle and AAV-LacZ–treated groups (Figure 2C)
(P<0.01), similar to the db/db-eNOS  mice. The αKL-null mice administered AAV-cKL exhibited slightly
elevated calcium levels after 4 weeks of treatment versus WT-cKL but not versus αKL–null control groups
(Figure 2D) (P<0.05).
In addition to mineral ion alterations, hyperparathyroidism was induced in WT mice treated with AAV-cKL
(Figure 2E) (P<0.05); however, αKL-null mice remained hypoparathyroid, regardless of treatment (
Figure 2E) (P<0.05 versus WT respective treatment). αKL-null mice had elevated FGF23 in the basal
condition (Figure 2F) (P<0.01) largely due to loss of the appropriate negative feedback loops for phosphate
and 1,25D between kidney and bone to suppress FGF23 production.  Serum FGF23 levels were increased
in the WT AAV-cKL group (Figure 2F, inset) (P<0.01), consistent with previous results. AAV-cKL further
induced serum FGF23 in the αKL-null mice compared with both vehicle and AAV-LacZ–treated cohorts (
Figure 2F) (P<0.01).
Renal Activity of cKL
We next examined serum 1,25D concentrations in the AAV-cKL– and control–treated groups and found
that, compared with controls, 1,25D in WT AAV-cKL was suppressed (Figure 3A) (P<0.01), whereas in
αKL-null mice, control-treated groups had elevated 1,25D (Figure 3A) (P<0.01), and αKL–null AAV-cKL–
treated mice had normalized 1,25D compared with the respective genotype controls (Figure 3A) (P<0.05).
Additionally, expression of renal enzymes regulating 1,25D was altered by AAV-cKL delivery. In both WT
and αKL-null mice, a reduction in 1α-OHase (Cyp27b1) expression occurred with AAV-cKL treatment (
Figure 3B) (P<0.05). Renal expression of 24-OHase (Cyp24a1) was increased in WT mice delivered AAV-
cKL (Figure 3C) (P<0.05), whereas αKL-null mice treated with AAV-cKL had a trend for increased 24-
OHase, but it was not statistically significant (Figure 3C). As shown above, AAV-cKL treatment reduced
serum phosphate in vivo in αKL-null mice. The primary kidney sodium-phosphate cotransporter, Npt2a, is
highly upregulated in αKL-null mice,  leading to increased renal phosphate reabsorption. Therefore, cKL’s
ability to modulate Npt2a expression in the absence of mKL was next tested in short-term experiments to
avoid long–term endocrine compensatory effects. In this regard, recombinant cKL (1 μg/g body wt), FGF23
(1 μg/g body wt), or vehicle was injected intravenously into αKL-null mice. cKL delivery was confirmed
by Klotho assay (vehicle and FGF23–treated mice had undetectable levels of Klotho, whereas cKL-treated
mice ranged from 214 to 526 ng/ml). The mice receiving vehicle or FGF23 had readily detectable Npt2a
protein on IHC analysis (Figure 3, D and E). In contrast, after 1-hour injection with cKL, quantitation of
Npt2a protein showed a 75% reduction versus vehicle-injected mice (Figure 3, F and G) (P<0.01). These
results support that cKL is capable of controlling 1,25D as well as Npt2a expression in the absence of
mKL.
cKL Effects on Aortic Calcification
As determined by microcomputed tomography (μCT) analysis, some αKL-null mice showed slight aortic
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calcification at the baseline pretreatment age of 4 weeks (Figure 4A), whereas WT mice had no detectable
signs of aortic defects at any time point (not shown). Four weeks later at 8 weeks of age, vehicle and AAV-
LacZ–treated αKL–null mice had dramatic increases in aortic calcification (Figure 4, B and C). In contrast,
the αKL-null mice receiving AAV-cKL had a 78% reduction in total aortic mineral content compared with
the AAV-LacZ group and a 74% reduction compared with vehicle (Figure 4E) (P<0.01). Aortic mineral
volumes were also 72% and 77% lower in αKL-null mice treated with AAV-cKL compared with vehicle or
AAV-LacZ, respectively (Figure 4F) (P<0.01). Segmental analysis of the ascending, arch, and descending
aortas confirmed the marked reduction in mineral content and volume (Supplemental Figure 1).
In parallel with μCT analysis, histology of the isolated aortas was performed on longitudinal sections
stained with hematoxylin and eosin (H&E). Compared with respective WT controls (Figure 4G), vehicle or
AAV-LacZ–treated αKL–null mice had multifocal disruption or expansion of the elastic lamina (arrows in
Figure 4H). In contrast, <50% of such lesions in cKL-treated mice showed mineralized patches.
Mechanisms of cKL Activity in Bone
To test the mechanisms for the increased serum FGF23 after AAV-cKL delivery, femoral FGF23 RNA
expression was examined. Compared with controls, WT-cKL mice exhibited a 230-fold elevation of bone
FGF23 mRNA (Figure 5A) (P<0.01). αKL-null mice receiving vehicle or AAV-LacZ displayed basally
elevated FGF23 mRNA compared with WT controls, and AAV-cKL treatment produced an additional
increase (Figure 5A) (P<0.01). These changes paralleled the serum FGF23 concentrations for each WT and
αKL-null control and AAV-cKL–treated group (Figure 2D).
Typically, FGF23 is suppressed by reductions in serum phosphate; thus, the mechanisms underlying the
observed increases in serum and bone FGF23 during AAV-cKL administration were unclear. Extracellular
portions of mKL have been shown to assemble with FGFR1 before FGF23 binding and complex
activation.  Therefore, we next tested in vitro whether cKL activated FGFR-dependent pathways and
whether FGF23 was required for cKL signaling in the context of bone. The UMR-106 osteoblastic cell line
expressed readily detectable FGFR1 protein ; thus, this line was treated with the positive control FGF8 as
well as cKL and FGF23 either alone or in combination. Early growth response-1 (EGR1) mRNA
production was assessed as a recognized marker of FGFR bioactivity.  The administration of cKL or
FGF23 alone did not induce EGR1 expression (Figure 5B). FGF8 stimulated EGR1 mRNA (Figure 5B)
(P<0.001), and EGR1 mRNA was dose dependently increased after escalating doses of cKL + FGF23,
including a 40-fold increase at the highest dose (Figure 5B) (P<0.001). Compared with cKL and FGF23
alone, FGF23 mRNA also increased 9.6-fold in UMR-106 cells after cKL + FGF23 delivery (Figure 5C)
(P<0.01), supporting direct cKL activity on bone cells. Consistent with FGFR-dependent activity,
immunoblots showed that cKL + FGF23 treatment increased p–extracellular signal–regulated kinase 1/2 (p-
ERK1/2) (Figure 5D, inset), whereas MEK (U0126) and FGFR (PD173074) inhibitors ablated the EGR1
mRNA increase (Figure 5D) (P<0.001) and p-ERK1/2 responses (Figure 5D, inset).
To isolate the molecular mechanisms associated with cKL activity, a novel UMR-106 line was generated
via clustered regularly interspaced short palindromic repeats (CRISPR)–mediated deletion of FGFR1.
FGFR1 protein was readily detectable in the parent cell line (UMR), and receptor deletion was assured by
immunoblot (Figure 5E, CRISPR cell line in inset). Compared with UMR cells, the elevation of FGF23
mRNA in response to cKL + FGF23 was completely ablated in the CRISPR line (Figure 5E) (P<0.001
versus UMR cKL + FGF23). Comparably, EGR1 expression was also markedly blunted in response to
FGF2, FGF8, and cKL + FGF23 (Figure 5F) (P<0.05 versus UMR respective treatment). Furthermore, with
FGFR1 deletion, an agonist antibody for FGFR1c  did not increase FGF23 mRNA production compared
with parent UMR cells (Figure 5G). Taken together, these findings support that cKL mediates FGFR-
dependent signaling in bone cells, that the presence of FGF23 facilitates this activity, and that the delivery
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of cKL to bone in vivo is a more powerful stimulator of FGF23 than reduced serum phosphate is a
repressor.
In sum, these findings show that cKL reduces serum phosphate and ameliorates hyperphosphatemia-
associated VC in the absence of mKL. Additionally, cKL acts in bone through FGFR1 to control FGF23
expression. Thus, enhancing cKL activity or its downstream pathways may be useful for controlling
important aspects of altered phosphate metabolism in disease.
Discussion
In genetic and acquired diseases involving hyperphosphatemia, including CKD-MBD, the inability of the
kidney to clear excess phosphate causes severe endocrine disturbances as well as leads to calcification of
the vasculature.  The syndrome of DN is the leading cause of CKD-MBD and thus, of primary concern
clinically. αKL expression levels are decreased in kidneys of patients with early DN.  Consistent with
earlier reports,  we found that the db/db-eNOS  mouse model had marked kidney fibrosis and
increased ACR as well as hyperphosphatemia. Delivery of AAV-cKL increased serum cKL and FGF23 and
reduced serum phosphate in these animals, supporting that sustaining cKL concentrations can overcome
diminished renal function to improve mineral metabolism. Because this mouse line does not develop VC,
we next tested AAV-cKL in the αKL-null mice. It is known that this model exhibits severe
hyperphosphatemia and VC, similar to that in patients with hyperphosphatemic familial tumoral calcinosis
and loss of function mutations in αKL and FGF23.  Previous studies testing a variety of interventions
showed effects on lessening VCs in αKL-null mice but failed to significantly correct the
hyperphosphatemia. In this regard, an experimental approach of treating αKL-null mice with NH Cl
reduced VC by preventing the osteoinduction of vascular smooth muscle cells through a reduction in
TGFβ1 and inhibition of NFAT5–dependent osteochondrogenic signaling.  Similarly, although not
affecting serum phosphate or FGF23 concentrations, acetazolamide partially reversed aortic calcification in
αKL-null mice through incompletely defined mechanisms.  Thus, whether these methods target the
vasculature as well as pathways that control phosphate handling remains unclear.
Interestingly, one report showed that overexpression of the mKL isoform reduced aortic calcification in
αKL-null mice ; however, whether this was due to increased presence of circulating cKL is unclear. We
previously showed that cKL reduced serum phosphate concentrations when AAV-cKL was delivered stably
in vivo to WT mice.  These animals exhibited hypophosphatemia with elevated FGF23, similar to a patient
with an αKL gene translocation, which resulted in markedly elevated plasma cKL.  In the animal studies,
cKL treatment likely reduced serum phosphate by elevating FGF23 mRNA and protein, leading to the
appropriate renal gene responses, including decreased Npt2a and Cyp27b1 expression as well as increased
Cyp24a1 in the presence of all endogenous αKL isoforms.  In the WT genetic background, however, it
was difficult to determine the contributions of the individual αKL isoforms to elicit these phenotypes and
whether the actions of cKL required mKL. To further dissect the actions of the αKL forms, cKL was
delivered to αKL-null mice. With the loss of all αKL isoforms, αKL-null mice can no longer mediate
efficient FGF23-dependent signaling in target tissues, resulting in elevated serum phosphate and 1,25D.
Providing only the cKL form in a sustained manner created the ability to test this factor’s activity and
pharmacologic potential in the absence of mKL in an environment of hyperphosphatemia. Similar to mice
conditionally lacking parathyroid αKL expression, αKL-null mice may maintain low parathyroid hormone
(PTH) levels by using an αKL–independent calcineurin–mediated FGF23 signaling pathway to suppress
the secretion of PTH,  which could occur, in part, with the known negative feedback loop between 1,25D
and PTH. Indeed, we showed that cKL, likely through the elevated FGF23, reduced serum 1,25D in WT
mice, leading to hyperparathyroidism. In αKL-null mice, 1,25D was also normalized, however potentially
not to a level to fully correct PTH. In the future, studies using an inducible cKL model could provide
further insight into the dosing required for tissue–specific cKL effects.
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This study shows that stable delivery of cKL to db/db-eNOS  and αKL-null mice reduced the prevailing
hyperphosphatemia as well as ameliorated the associated VC in αKL-null mice. These findings raise the
possibility that targeting cKL-mediated pathways may alleviate pathogenic hallmarks of
hyperphosphatemic disease. It remains unclear, however, whether cKL can substitute for mKL at
physiologic levels, because our findings may potentially reflect a pharmacologic action of elevated cKL in
the setting of increased FGF23 in αKL-null mice or during CKD. Although they have provided tremendous
insight into phosphate handling, αKL-null mice are not a model of progressive renal failure. However,
CKD-MBD has been recognized as a state of renal αKL deficiency,  where αKL expression was shown
to be rapidly downregulated early in disease, leading to alterations in phosphate metabolism.
Underscoring the importance of these pathogenic events is the finding that cardiovascular disease resulting
from excessive VC is a common cause of death in patients on dialysis.  Although other aspects of
CKD-MBD, such as the progressive renal failure as evidenced by increasing ACR values as well as
disturbed glucose handling, were not improved, the reduction in serum phosphate was significant. These
results support the concept that cKL likely affects mineral metabolism through interactions with FGF23
more effectively than other manifestations of DN.
The ability of cKL repletion to significantly lower serum phosphate in the αKL-null mouse suggested that
cKL induced effects on phosphate handling genes in isolation from mKL. This was shown by cKL’s ability
to reduce serum 1,25D by decreasing the renal 1α-OHase expression. To test the direct activity of cKL on
the kidney, acute injections of cKL were performed, which reduced Npt2a protein expression. Consistent
with these results, it was previously shown that cKL may directly interact with Npt2a to decrease its
expression on the proximal tubule apical membrane, resulting in a suppression of phosphate reuptake.
Although serum phosphate levels in the αKL-null mice were not restored to WT levels with AAV-cKL
treatment, this effect may significantly contribute to the observed reduction in aortic calcification.
However, direct effects of recombinant cKL on vasculature have been previously reported ; thus, at this
time, we cannot differentiate direct versus indirect actions for cKL. Unlike the increase in PTH caused by
cKL treatment in WT mice, which may occur through FGF23-mediated suppression of 1,25D production,
PTH status in αKL-null mice remained suppressed after cKL delivery. We found that the αKL-null mice
treated with AAV-cKL had serum intact FGF23 and bone FGF23 mRNA concentrations significantly above
the prevailing elevated FGF23 levels in control αKL–null mice.
Sustained delivery of cKL was capable of eliciting increased FGF23 expression in vivo in the absence of
mKL as well as the presence of FGF23 in the osteoblastic cell line UMR-106. Consistent with these
findings, the αKL translocation patient with elevated serum cKL showed markedly increased FGF23 in the
face of hypophosphatemia, typically a strong suppressor of FGF23 production.  Similarly, we showed that
AAV-cKL stimulated FGF23 in serum and whole bone in αKL-null mice to levels that were above the
already elevated baseline seen in these mice.  These results show that cKL may function independently of
phosphate-sensing mechanisms to increase FGF23 at pharmacologic doses. Through in vitro studies in
UMR-106 bone cells, we showed that cKL in combination with FGF23 increased FGF23 expression.
Although other FGFRs cannot be ruled out, FGFR1 signaling was required for the overwhelming majority
of this effect. Indeed, either pharmacologic inhibitors of MEK and FGFR signaling or genetic deletion of
FGFR1 through CRISPR/Cas targeting ablated this response. These results are corroborated with other in
vitro studies, including the demonstration that FGF23 promoter activity could be stimulated with FGFR1
agonists and was inhibited by dominant negative FGFR1 as well as PLC and MAPK inhibitors.  Our
results also parallel findings that FGF23 expression was increased in calvaria-derived osteoblasts after
treatment with a specific FGFR1–stimulating antibody.  Similarly, to test the role of FGFR1 and its
influence on FGF23, this receptor was previously deleted from late osteoblasts/osteocytes in vivo using the
Dentin matrix protein 1-cre. This cross resulted in mice with reduced serum intact FGF23 concentrations.
Furthermore, genetic findings showed that patients with osteoglophonic dysplasia due to FGFR1 gain of
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function mutations had elevated FGF23 and hypophosphatemia.  αKL is primarily expressed in kidney;
therefore, whether cKL acts under normal circumstances to directly communicate changes in renal FGF23
activity or serum phosphate concentrations to bone remains to be determined.
In summary, extended delivery of cKL was associated with decreased serum phosphate in both a model of
DN and an αKL-null background along with a reduction in aortic calcification. Additionally, we identified
other phenotypes in the αKL-null mice which cKL did not appear to target, including PTH production.
Consistent with the actions of cKL on bone in vivo, cKL induced FGF23 in osteoblastic cells in vitro in an
FGFR1-dependent fashion. These collective actions of cKL occur in the absence of mKL; thus, cKL does
not require the presence of mKL for influencing important aspects of phosphate balance. Taken together,
our findings support the potential for enhancing cKL activity or its downstream pathways for controlling
important aspects of altered phosphate metabolism in disease.
Concise Methods
Animal Studies
Animal studies were performed according to the Institutional Animal Care and Use Committee for Indiana
University and the internal review board at Eli Lilly and Company (Indianapolis, IN), and they comply
with the National Institutes of Health guidelines for the use of animals. AAV-cKL, AAV-LacZ, or vehicle
(PBS) was delivered to 4-week-old WT or αKL-null mice  or 13- to 17-week-old db/dm (lean control) or
db/db-eNOS  mice (Taconic Laboratories) via retro-orbital injection as previously described at 1×10
genomic copies per mouse. αKL-null mice received one half of this dose due to being, on average, 50%
body size. Body weights and interim bleeds were taken at indicated times. For acute (1-hour) studies, αKL-
null mice were intravenously injected with vehicle (PBS) or 1 μg/g body wt recombinant cKL or FGF23
and euthanized after 1 hour. All mice were euthanized by CO  inhalation and then, cervical dislocation.
Recombinant cKL and FGF23 and AAV-cKL Production and Delivery
The cDNA-encoding residues 35–983 of the cKL with a CD33 N–terminal signal sequence or
β-galactosidase gene cassette (LacZ) as a control were packaged into a recombinant hybrid AAV (RegenX
Biosciences). In vivo expression was driven by a liver–specific thyroxine binding globulin promoter.
Recombinant cKL (mouse), FGF23 (human), and FGF8 (human) were obtained from R&D Systems.
μCT Analyses
μCT images were acquired with GE eXplore Locus RS In Vivo and GE eXplore Locus SP Ex Vivo
Computed Tomography Scanners (TriFoil Imaging, Northridge, CA). Each mouse carcass was placed into a
polypropylene tube and mounted on the Locus RS Scanner Bed along with a Hounsfield unit calibration
phantom. Images were acquired using x-ray source parameters of 80 kVp and 450 μA along with a 1.8-
mm-thick Al filter. A region covering the upper thorax to the sacrum was scanned for each mouse carcass.
ImageJ software (National Institutes of Health, Bethesda, MD) was used to analyze the aorta region
datasets. The aorta analysis included creating manual regions of interest of the aorta starting from the aortic
arch to the abdominal aortic bifurcation. The aorta has the same x-ray attenuation as surrounding soft
tissue; thus, the scapula and the sacral vertebrae were used to locate the aortic arch and abdominal aortic
bifurcation, respectively.
Aorta Histology
After μCT, the aorta was removed and stored in 70% ethanol before being embedded in paraffin; 5-μm
sections were prepared and stained with H&E or von Kossa by routine methods. Slides were evaluated for
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histopathologic changes and von Kossa–positive mineral content by a board–certified veterinary
pathologist (R.L.J.).
Histology
For liver histology, after necropsy, a lobe of liver was stored in 4% PFA before being embedded in paraffin;
5-μm histologic sections were stained with H&E before evaluation by an American College of Veterinary
Pathologists–certified pathologist. Kidneys from the db/dm (lean control) or db/db-eNOS  mice were
removed at euthanasia and fixed for at least 24 hours in 10% neutral buffered formalin. Tissues were
trimmed, routinely processed, embedded in paraffin, sectioned, and then, stained with H&E, Masson
trichrome, or periodic acid–Schiff stain. Histopathologic evaluation of these slides was conducted using an
internally established grading system.
Serum and Urine Biochemistries
Standard calcium and inorganic phosphorous reagent kits were used for serum measurements in a Hitachi
Analyzer (Roche Diagnostics). Serum Klotho was measured as previously described.  Serum FGF23 was
tested using an Intact FGF23 ELISA (Kainos Laboratories). PTH was measured using a mouse–specific
PTH ELISA (Immutopics International). Serum 1,25D was measured using an enzyme immunoassay
(Immunodiagnostic Systems). Blood glucose measurements in the lean controls and db/db-eNOS -null
mice were performed by using a Roche Aviva Accu-Check Glucometer. Whole blood was collected from a
tail stick at times stated. Urine ACR was obtained through a spot urine collection over a 2- to 3-hour period
and analyzed as previously described.
Cell Culture and In Vitro Functional Assays
UMR-106 cells (ATCC) were cultured in DMEM/F-12 (Invitrogen) supplemented with 10% FBS
(Hyclone), 1 mM sodium pyruvate, 25 mM අ-glutamine, and 25 mM penicillin-streptomycin (Sigma-
Aldrich) at 37°C and 5% CO . Cells were plated at 1.0×10  per well in a 12-well plate and treated with
increasing doses of cKL (1, 10, and 30 nM) and FGF23 (4, 40, and 115 nM) either alone or in combination
with each respective higher cKL and FGF23 dose or FGF8 (100 ng/ml) overnight before RNA extraction.
Cells were administered MEK (10 μM; U0126; R&D Systems) or FGFR (80 μM; PD173074; R&D
Systems) inhibitors for 1 hour before cKL and FGF23 exposure; cells were also treated with IMC-A1
FGFR1 agonist antibody (0.01 mg/ml)  for 48 hours before RNA extraction.
RNA Isolation and Quantitative PCR
Femur, kidney, and liver total RNA was harvested using Trizol Reagent (Life Technologies), and RNA
from UMR-106 cells was isolated from cellular lysates using the RNeasy Kit (Qiagen, Inc.). RNA samples
were tested by quantitative PCR with primers specific for mouse or rat Fgf23, Egr1, Klotho, 1α-OHase
(Cyp27b1), 24-OHase (Cyp24a1), and internal control β-actin as previously described.  The TaqMan One-
Step RT-PCR Kit (Life Technologies) was used to perform quantitative PCR, and data were collected using
the 7500 Real Time PCR System and software (Life Technologies) and then, analyzed using the 2
method.
Immunoblotting
UMR-106 cells were lysed with 75 μl lysis buffer (Cell Signaling Technologies). Cell lysate protein
concentrations were determined with the Better Bradford Kit (Thermo-Fisher Scientific) according to the
manufacturer’s instructions. Western blot analysis was performed with 30 μg cellular lysates. The blots
were incubated with primary antibodies for anti–p-ERK1/2 (Cell Signaling Technologies) and antitotal
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extracellular signal–regulated kinase (Promega) at 1:1000 or anti-FGFR1 (Sigma-Aldrich) at 1:400 and
then, incubated with anti–rabbit IgG-GRP antibody at 1:5000 (Bio-Rad, Inc.). Blots were stripped using
SDS-glycine and reprobed with 1:10,000 anti–β-actin-HRP (A3854; Sigma-Aldrich). Detection was
performed using the ECL Plus Western Blotting Detection Reagents (Amersham-GE Healthcare) and
X-Omat Film (Eastman-Kodak Co.).
IHC
Kidneys from αKL-null mice in the 1-hour study and livers from WT and αKL-null mice in the 4-week
study were harvested after necropsy, fixed with 4% paraformaldehyde, and mounted in OCT (Sakura
Finetek, Torrance, CA), and a standard microtome was used to prepare 7-μm sections. Kidney sections
were treated with pepsin (Biocare Medical, Concord, CA) for antigen retrieval and then, an antibody to
mouse Npt2a  followed by incubation with fluorescent secondary antibody (anti–rabbit IgG-Alexa Fluor;
Invitrogen). Immunofluorescence signal amplification was performed using the Tyramide Signal
Amplification Systems Kit according to the manufacturer’s directions (Perkin Elmer, Waltham, MA). All
slides were sealed with mounting reagent containing DAPI to stain nuclei (Vector Laboratories,
Burlingame, CA). Imaging was performed using a Leica DM5000B Fluorescent Microscope (Leica
Microsystems, Inc., Bannockburn, IL), and SPOT camera and computer program (RTKE Diagnostic
Instruments, Inc., Sterling Heights, MI). A minimum of three to four animals per time point and eight to 12
sections per animal were examined for each primary antibody set. Quantification of Npt2a staining was
performed using ImageJ software. Liver sections from WT and αKL-null mice delivered vehicle, AAV-
LacZ, or AAV-cKL were treated with pepsin (Biocare Medical, Concord, CA) for antigen retrieval and
then, an mAb to αKL (TransGenic, Kobe, Japan) followed by incubation with fluorescent secondary
antibody (anti–rabbit IgG-Alexa Fluor).
CRISPR/Cas9 Genome Editing
The 20-nucleotide guide sequences targeting rat FGFR1 were designed using the CRISPR design tool at
www.genome-engineering.org/crispr and cloned into a bicistronic expression vector (pX330) containing
human codon–optimized Cas9 and the RNA components (Addgene). The guide sequence targeting exon 2
of rat FGFR1 was as follows: FGFR1 5′-GTCTGCACATCATCGCGCGAGC-3′. The single-guide RNAs
in the pX330 vector (4 μg) were combined with an EGFP vector (1 μg; Clontech) and cotransfected into
UMR-106 cells using FuGENE-6. Twenty-four hours post-transfection, the cells were trypsinized, washed
with PBS, and resuspended in FACS buffer (PBS, 5 mM EDTA, 2% FBS, and 100 μg/ml
penicillin/streptomycin). GFP-positive cells were single-cell sorted by FACS into a 96-well plate in
DMEM/F-12 containing 20% FBS and 100 μg/ml penicillin/streptomycin. Single clones were expanded
and screened for FGFR1 by protein immunoblotting.
Statistical Analyses
Significance between groups for quantitative PCR analyses was assessed using ANOVA analysis with a
Tukey HSD post hoc test. Differences between serum biochemistries and RNA expression in vitro were
assessed with paired t test. Significance for all tests was set at P<0.05, and data are presented as means ±
SEM.
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Figure 1.
cKL rescues hyperphosphatemia in a model of diabetic renal failure. (A) Representative differences in histopathologic
changes as shown by three staining methods, H&E, periodic acid–Schiff (PAS), and Masson trichrome (MTS), in kidneys
from (i–iii) control lean (db/dm) mice and (iv–vi) db/db-eNOS  LacZ mice. There is prominent presence of tubular
protein (arrowheads and inset in iv) and dilated tubules (arrows in iv) in the H&E-stained sections from db/db-eNOS
LacZ mice that was absent in control lean mice (inset i). In db/db-eNOS  LacZ mice there was notable mesangial matrix
deposition highlighted by PAS staining (arrows and inset v) that obliterates normal capillary loops and cellularity in the
glomeruli found in control lean mice (arrows and inset ii). Marked interstitial fibrosis highlighted in blue by the MTS stain
(stars in vi) and prominent glomerular fibrosis (arrows and inset in vi) with occasional glomerular sclerosis (arrow head in
vi) in db/db-eNOS  LacZ mice and absent in control lean mice (inset iii). (B) Male and female body weights (grams)
from baseline and 2, 4, and 6 weeks post-treatment. All db/db-eNOS  mice, regardless of treatment, were significantly
heavier than age–matched lean control mice. *P<0.01. (C) Blood glucose was elevated above baseline lean controls in
male and female db/db-eNOS  mice, regardless of treatment. *P<0.01. (D) Urine ACR was significantly elevated in
male and female db/db-eNOS  mice compared with age–matched lean controls. P<0.001. (E) Serum calcium was
reduced in AAV-cKL–treated female db/db-eNOS  mice at 2, 4, and 6 weeks postinjection compared with AAV-LacZ–
treated female db/db-eNOS  mice and age–matched lean controls. By 6 weeks, serum calcium had significantly risen in
AAV-LacZ female db/db-eNOS  mice compared with lean controls. *P<0.05 (age–matched lean controls); P<0.05
(AAV-LacZ–treated female db/db-eNOS  mice). (F) Serum Klotho levels in db/db-eNOS  male and female mice were
significantly increased with AAV-cKL treatment 6 weeks postinjection. *P<0.05 versus all AAV-LacZ and lean mice;
**P<0.01 versus all AAV-LacZ and lean mice. (G) Intact FGF23 was significantly elevated in db/db-eNOS  male and
female mice with AAV-cKL treatment 4 weeks postinjection and remained elevated at 6 weeks. *P<0.05. (H) Serum
phosphate was significantly reduced in female db/db-eNOS  mice by 4 and 6 weeks post–AAV-cKL injection compared
with female db/db-eNOS  mice injected with AAV-LacZ and lean controls. Female db/db-eNOS  mice treated with
AAV-LacZ had significantly elevated serum phosphate by 6 weeks after treatment. *P<0.05 (lean controls); P<0.05
(AAV-LacZ mice); P<0.05 versus 2 and 4 weeks.
−/−
−/−
−/−
−/−
−/−
−/−
−/− ϕ
−/−
−/−
−/− @
−/− −/−
−/−
−/−
−/− −/−
@
#
Chronic Hyperphosphatemia and Vascular Calcification Are Reduced by ... https://www.ncbi.nlm.nih.gov/pmc/articles/PMC5373441/?report=printable
17 of 21 8/21/2018, 9:26 AM
Figure 2.
Biochemical and endocrine effects of AAV-cKL in WT and Klotho-null mice. (A) Liver sections from WT and αKL-null
mice were examined for αKL expression by immunofluorescence staining. αKL protein was only observed in mice
delivered AAV-cKL, and staining (red) localized to cells near hepatic portal venules. (B) WT and αKL-null livers were
assessed for cKL mRNA expression. WT mice and αKL-null mice treated with AAV-cKL had highly expressed cKL
mRNA (approximately 60,000- and 40,000-fold increases, respectively). There was no significant difference between
AAV-cKL–treated mice. **P<0.01. (C) αKL-null mice were hyperphosphatemic compared with WT mice at baseline and
across treatment groups. Compared with like genotype controls (vehicle or LacZ), serum phosphate (Pi) was reduced in
WT and Klotho mice treated with cKL. *P<0.01; **P<0.001 (across treatment groups); P<0.01 (across treatment
groups); P<0.001 (baseline). (D) Within genotypic groups, serum calcium (Ca) was unaffected by 4 weeks of cKL
treatment. However, a slight elevation in serum calcium in Klotho-cKL was significant compared with WT-cKL. *P<0.05
versus WT-cKL. (E) cKL induced hyperparathyroidism in WT mice, but Klotho mice exhibited sustained
hypoparathyroidism, regardless of treatment. *P<0.05. (F, inset) Intact FGF23 was significantly increased in WT mice
treated with cKL. **P<0.01 versus baseline, vehicle, and AAV-LacZ. (F) KL mice had baseline elevated intact FGF23
versus WT mice at baseline and displayed a further increase with cKL treatment. **P<0.01 versus vehicle and LacZ;
P<0.05 (baseline).
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Figure 3.
cKL influences renal gene expression. (A) Serum 1,25D concentrations were tested in WT and αKL-null mice after 4
weeks of treatment. Sustained delivery of AAV-cKL in WT mice reduced 1,25D. αKL-null mice exhibit elevated 1,25D;
AAV-cKL reduced 1,25D. *P<0.05; **P<0.01; P<0.01. (B) Delivery of AAV-cKL reduced renal expression of 1α-
OHase (Cyp27b1) in both WT and αKL-null mice. *P<0.05. (C) Renal expression of 24-OHase (Cyp24a1) was increased
in WT-cKL mice, whereas in KL-cKL mice, there was a trend for 24-OHase elevation, which was not statistically
significant. P<0.05. (D) αKL-null mice were injected intravenously with PBS, FGF23 (1 μg/g body wt), or cKL (1 μg/g
body wt) for 1 hour and then, analyzed for kidney Npt2a expression by immunofluorescence. (D) Vehicle (cKL
undetectable) and (E) FGF23-injected mice (cKL undetectable) had similar levels of Npt2a. (F) After injection with cKL,
Npt2a expression was reduced. The concentration represents the serum cKL levels after injection, assuring cKL delivery
(cKL range =214–526 ng/ml). (G) Quantitative analysis showed a significant reduction of Npt2a expression in mice
treated with cKL versus controls. **P<0.01.
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Figure 4.
cKL prevents aortic calcification. (A) Representative μCT images of aortic calcification (orange) from Klotho mice from
baseline (4 weeks of age) as well as (B) vehicle, (C) LacZ, and (D) cKL groups (treated from 4 weeks of age for 4
additional weeks). cKL administration was associated with a visually marked reduction in aortic mineralization versus
Klotho-vehicle and Klotho-LacZ. (E) Mineral content and (F) mineral volume of whole aortas were quantified and
determined to be significantly elevated versus all groups; however, in cKL-treated mice, mineral content and volume were
significantly reduced versus Klotho-vehicle and Klotho-LacZ. Longitudinal sections of aorta from treated mice were
examined by histology. *P<0.05 versus baseline; **P<0.01 versus baseline; P<0.01 versus vehicle and AAV-LacZ
treated. (G) Compared with WT mice, (H) αKL-null mice showed multifocal disruption or expansion of the aortic elastic
lamina (arrows). αKL-null mice aortas from vehicle and AAV-LacZ–treated mice were positively stained with von Kossa
(dark patches are indicative of mineralization), but <50% of such lesions from mice administered cKL stained positive
(insets). Scale bar, 100 μm.
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Figure 5.
cKL signals in bone cells via FGFR1. (A) FGF23 mRNA was increased in femurs of WT mice treated with AAV-cKL.
αKL-null mice had elevated bone FGF23 expression compared with WT mice, which was further increased in αKL-null
mice treated with AAV-cKL. *P<0.01 versus same genotype controls; P<0.01 versus WT mice; P<0.01 versus controls.
(B) UMR-106 cells treated with cKL or FGF23 alone showed no effects; however, a combination of cKL + FGF23
increased expression of EGR1 mRNA. The positive control FGF8 increased EGR1 mRNA. ***P<0.001 versus control
(untreated). (C) FGF23 mRNA was significantly increased in UMR-106 cells administered cKL + FGF23. **P<0.01
versus all other treatments. (D) EGR1 mRNA increased in response to cKL + FGF23 and was dependent on functional
FGFR signaling and MEK activity, because pretreatment with either an FGFR or MEK inhibitor blocked EGR1 mRNA
production as well as p-ERK expression by immunoblot (inset). **P<0.01 versus control and FGF23 or cKL alone;
P<0.001 versus cKL + FGF23. (E) A novel UMR-106 cell line with deletion of FGFR1 was generated via CRISPR-Cas.
Immunoblots of lysates from the parent UMR-106 line (UMR) and the CRISPR-targeted line (CRISPR) assured ablated
FGFR1 protein (inset). cKL + FGF23 increased FGF23 mRNA expression in the UMR cells, but FGF23 expression was
not different from UMR control in the CRISPR line. P value was not significant versus UMR control. *P<0.05 versus
UMR control (untreated); P<0.001 versus UMR cKL + FGF23. (F) EGR1 mRNA expression was increased in response
to FGF2, FGF8, and cKL + FGF23 in UMR cells. This response was significantly blunted in the CRISPR cells. **P<0.001
versus UMR control; P<0.05 versus UMR respective treatment. (G) Administration of an FGFR1c agonist antibody
increased FGF23 mRNA expression in the parent UMR cells but failed to upregulate FGF23 in CRISPR cells. *P<0.05
versus UMR control; P<0.05 versus UMR A1.
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